The absorption peaks at ∼3200−3300 cm −1 in α-Al 2 O 3 crystal that were previously observed and assigned to hydrogen interstitial were reinvestigated by first-principles local vibration mode calculations. Based on our calculations, we found that the vibration of hydrogen interstitial is not consistent with the observed polarized IR absorption peaks at ∼3200−3300 cm −1 for two reasons: (1) the orientation of the O-H bond is not aligned with the direction of the oscillator observed and (2) the calculated vibrational frequency is much lower than the observed values. The calculated formation energies showed that interstitial hydrogen can strongly bind with aluminum vacancy, forming [H n -V Al ] complex defects. The complexes have the O-H bond in the direction aligned with the direction of the oscillator. The vibration frequencies of the complex defects are also close to the observed value. Therefore, we assign the experimentally observed ∼3200−3300 cm −1 modes to [H n -V Al ] complex defects.
I. INTRODUCTION
Hydrogen has been reported to be ubiquitous in many materials, especially in metal oxides, and it significantly affects their electrical and optical properties [1] [2] [3] [4] [5] [6] . Understanding the fundamental properties of hydrogen impurity in materials is therefore deemed important for modifying physical properties of materials to fit each technological application. Because of its light mass, IR absorption spectroscopy is a powerful tool for probing the location of hydrogen in many materials, especially in metal oxides. The large weight difference between the host atoms and hydrogen impurity generally leads to distinct and localized vibrational modes associated with hydrogen. Molecules containing hydroxyl groups are known to have IR absorption peaks at ∼3000 cm −1 associated with the stretch-mode vibration of O-H bonds. The O-H bonds in crystals are also vibrated with frequencies somewhat lower than that in molecules but still in the ∼3000-cm −1 region. However, it is not easy to identify the microscopic structures of hydrogen in crystals solely from the IR peaks because there are many possible configurations for hydrogen to be incorporated. First-principles calculations have been proven as a powerful tool to examine the locations of impurities, in particular light elements such as H, in materials. Many computational studies have been dedicated to the investigation of hydrogen locations in several materials, such as ZnO, SnO 2 , TiO 2 , and In 2 O 3 [1] [2] [3] [4] 7] . For α-Al 2 O 3 , which has a rather complex crystal structure, hydrogen impurity has been rather extensively studied experimentally by means of IR absorption spectroscopy [5, [8] [9] [10] [11] . However, to our knowledge, there are very limited theoretical studies aiming to study the IR signature of hydrogen impurity in α-Al 2 O 3 and the origin of the observed IR absorption peaks related with hydrogen impurity are still unclear [12] [13] [14] .
α-Al 2 O 3 is an important material for a variety of applications. For example, it can be used as a substrate for epitaxial growth [15] , a surface passivation layer of Si solar cells [16] , and a hydrogen permeation barrier [17, 18] . In addition, α-Al 2 O 3 can be used in optical devices when it is doped with Cr or Ti [19, 20] . Generally, the presence of unintentional defects in α-Al 2 O 3 , such as native point defects and hydrogen, can either degrade or enhance its electrical, mechanical, and optical properties [12, 21] . There are several theoretical and experimental studies focusing on the native point defects in α-Al 2 O 3 [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Most of them have been dedicated to the investigation of the origin of the observed photoluminescence spectra, which are mostly assigned to the F-center (oxygen vacancy; V O ) defect. Furthermore, it has been reported that V O defect in α-Al 2 O 3 is the cause of leakage current through the dielectric [21, 35] . Beside native point defects, hydrogen is one of the most interesting impurities in α-Al 2 O 3 because it can easily diffuse into α-Al 2 O 3 and affects its electrical and optical properties. The IR absorption technique has been used to investigate the location of hydrogen. The strong IR absorption peaks at ∼3183, 3231, and ∼3278 cm −1 are observed accompanied by a weak IR absorption peak at ∼3309 cm −1 [5, 8, 11] . These vibrational frequencies of ∼3200−3300 cm −1 should relate to the O-H bonding in a crystal as mentioned before. In addition, by using the polarized IR absorption measurements, all vibrational modes associated with the O-H bonds are suggested to lie very close to the basal plane [5, 11] . Recently, hydrogen in α-Al 2 O 3 has been theoretically studied by first-principles calculations [17] . Zhang et al. suggested that hydrogen in α-Al 2 O 3 is mainly presented in the form of hydrogen interstitial (H i + ) defect and some H could exist in the form of substitution for oxygen site (H O + ) as well as a complex defect between hydrogen and aluminum vacancy (H-V Al ) [17] . Moreover, they reported that H i + was suggested to be the predominant diffusion species in α-Al 2 O 3 resulting in the low efficiency for protection against H permeation through α-Al 2 O 3 . More recently, the passivation of C and N impurities by hydrogen in α-Al 2 O 3 has been reported [12] . To our knowledge there is no theoretical study which can directly relate the observed vibrational frequencies to the hydrogen locations in α-Al 2 O 3 crystal. Therefore, the investigation of the energetics and vibrational frequencies of H-related defects is needed to gain more understanding about the locations of hydrogen impurity in α-Al 2 O 3 .
In this paper, we performed first-principles densityfunctional calculations to study the energetics and stability of hydrogen-related defects in α-Al 2 O 3 . By using the frozenphonon approximation, we calculated the vibrational frequencies associated with hydrogen-related defects, which could be further used to compare with the observed IR absorption peaks. We propose that the observed IR absorption peaks at ∼3200−3300 cm −1 are associated with the H i -V Al complex defects.
II. CALCULATION METHOD
We used first-principles calculations based on spinpolarized density-functional calculations to investigate the H-related defects in α-Al 2 O 3 . The electron-ion interactions were treated by projector-augmented wave method [36] as implemented in the VASP codes [37, 38] . For the exchangecorrelation energy, the generalized gradient approximation parameterized by Perdew-Burke-Enrzerhof was employed [39] . The cutoff energy for expanding the plane-wave basis set was set at 500 eV. All atoms in the cell were fully allowed to relax until the Hellmann-Feynman forces [40] became less than 0.01 eV/Å. In this paper, the unit cell of α-Al 2 O 3 (corundum) with the hexagonal structure containing 30 atoms was used for bulk calculations. The Monkhorst-Pack scheme [41] with a sampling mesh point of 5×5×5 was used for k-space integrations. The calculated lattice parameters of α-Al 2 O 3 are a = 4.810Å and c = 13.131Å in agreement with the experimental values of a = 4.765Å and c = 13.011Å [42] . However, the calculated band gap at the point is only 5.83 eV lower than the experimental band gap of 8.7 eV [43] . This is due to the well-known underestimation in band gap obtained by density-functional calculations.
For defect calculations, a supercell approach with a size of 120 atoms α-Al 2 O 3 , which is a repetition of the unit cell by 2×2×1, was employed to reduce the spurious defectdefect interactions arising from the neighboring cells. In case of supercell calculations, the k-point mesh was reduced to 1×1×1 shifted from the point. The stability and likelihood of defect formation can then be determined from its formation energy, which is defined by
where E tot (D q ) and E tot (bulk) are the total energy of a supercell containing the defect D in charge state q and that of a perfect supercell, μ X is the atomic chemical potential representing an energy required to remove (add) an atom from (to) a supercell to create the defect D, n X is the number of atom species X being added or removed, q is the charge state of the defect D, E F is the Fermi energy which is referenced to the valence-band maximum (E VBM ), and E corr is the finite-size correction term for charged defects according to the scheme proposed by Freysoldt et al. [44, 45] .
During the growth of α-Al 2 O 3 single crystal under thermodynamic equilibrium, the following constraint must be satisfied: [5, 8, 9] . The vibrational frequencies associated with H-related defects in α-Al 2 O 3 are determined by using the frozen-phonon approach [46] within the harmonic approximation. They are further used to compare with the observed IR absorption spectra. The accuracy of the calculated vibrational frequencies Table I . We found that our calculated vibrational frequencies of both symmetric and asymmetric stretching modes are consistently higher than the observed values by a small amount.
III. RESULTS AND DISCUSSIONS
The electrical and optical properties related with native defects in α-Al 2 O 3 have been reported in our previous works [22] . We revealed that the most dominant native point defects are oxygen vacancy V O , aluminum vacancy V Al , and aluminum interstitial (Al i ) in agreement with an earlier study by Matsunaga et al. [26] . In this paper, we aim to identify the sites of H impurity, which are responsible for the observed IR absorption peaks at ∼3183, 3231, and ∼3278 cm −1 [5, 8, 11] . Based on the polarized IR absorption measurement, the orientations of the oscillator (same direction as the O-H bond) responsible for the observed IR absorption peaks lie very close to the basal plane (or almost perpendicular to the c axis) [5, 9, 11] . Engstrom et al. [11] assigned the peak at ∼3278 cm −1 to the vibrational mode of hydrogen interstitial, H i , binding with a host oxygen atom. Therefore, we first examined the stability of H i defect in α-Al 2 O 3 . We found that H i is an amphoteric defect with the defect transition level at ε(+1/−1) = 4.19 eV, as shown in Fig. 1 , in agreement with the previous work [17] . Under O-rich growth condition and when the Fermi level lies in the upper half of the band gap, (OH) i has a relatively low formation energy. However, this scenario should not happen in this crystal as described below.
The pinned Fermi level under Al-rich and O-rich growth conditions can be estimated from the charge neutrality condition: p-n + qC(X q ) = 0, where p and n are the intrinsic hole and electron concentrations, respectively, and C(X q ) is the concentration of defect X in charge state q. Here, the dominant defects X taken into account are H i , H O , and V Al . This gives the pinned Fermi level at ∼4.46 and ∼1.87 eV, above the VBM (see the arrows in Fig. 1 ) for the Al-rich and O-rich growth conditions, respectively. At the pinned Fermi level, we found that H O and V Al are the most dominant defects under Al-rich growth condition, while H i and V Al are the most dominant defects under O-rich growth condition. In the actual measurement, the α-Al 2 O 3 sample was doped with H by exposing a sample to H 2 O vapor and the IR peaks of ∼3200 cm −1 associated with the O-H bonding in a crystal were observed [5, 9, 11] . This experimental setup should place the growth condition close to the O-rich limit where we found that H prefers the H i form. However, we will show later that H i could diffuse and then form a complex defect with aluminum vacancy, which is more stable. • with the c axis [11] . In addition, the calculated vibrational frequency associated with H i 1+ is only 2989 cm −1 , which is quite low compared to the measured value at 3200 cm −1 . Both the structural geometry and the calculated vibration frequency suggested that the H i 1+ is not responsible for the observed 3278-cm −1 mode. Moreover, there is another experimental measurement that observed the IR absorption peaks at ∼2900 cm −1 in the α-Al 2 O 3 sample, which based on our calculation results could be H i 1+ [8] . For the source of the absorption peaks at ∼3200 cm −1 , we explore other possible H-related defects. As mentioned before, H i and V Al are the most dominant defects in α-Al 2 O 3 crystal. Therefore, H i could form complex defects with V Al , becoming
q , where n is the number of H attached to the O nearby V Al and q is the charge state of the complexes. To determine the stability of the complex defects, we calculated the binding energies E b of the complex defects defined as (3) where H f [D] stands for the formation energy of the defect D. The more positive binding energy, the more formation of complex defect is expected.
In Fig. 2(a) , we depict the local structures of bulk α-Al 2 O 3 , in which each Al atom is surrounded by six O atoms with two inequivalent sites labeled by O 1 and O 2 . After removing one Al atom to create V Al defect, the O 1 and O 2 atoms around the vacancy slightly move outward as shown in Fig. 2(c) 2− complex is quite low under both Al-rich and O-rich growth conditions, as shown in Fig. 1 . The binding energy of the complex defect is high when the Fermi level is lower than ∼5 eV (see Fig. 3 ) under both Al-rich and O-rich growth conditions, indicating that the complex defect is very stable. In addition, we found that the orientation of the O-H bond in this complex is almost perpendicular to the c axis of a crystal as shown in Fig. 2(d) , which is consistent with the orientation of the oscillator of the 3278-cm −1 mode observed in the experiment. 2 complex defect is ∼3321 cm −1 , which is in a reasonable agreement with the observed IR absorption peaks at ∼3200−3300 cm −1 . In order to investigate the feasibility of the complex formation, we further determined the migration barrier of H i and V Al defects by using density-functional theory (DFT) calculations along with climbing nudge elastic band (cNEB) method [47] [48] [49] [50] . We found that H i could hop from one site to another site in a crystal with the migration barrier of ∼0.84 eV, which can be converted to the temperature of ∼400 K [51]. This agrees well with a previous theoretical work [17] . For V Al defect, we found that the migration barrier is much higher at ∼1.7 eV, meaning that V Al starts to be mobile at a temperature of ∼800 K [51]. The rather low migration barrier of H i indicates that H i could diffuse throughout the crystal lattice during the growth process and, at some point, form a complex defect with V Al due to a very high binding energy. Our results suggested that V Al could serve as a trap to increase the efficiency for protection against H permeation through α-Al 2 O 3 . The concentration of V Al can be increased by growing the crystal under O-rich condition.
The high binding energy of [H 1 -V Al ] 2− complex defect suggests that the complex defect might further bind with another hydrogen to form [H 2 -V Al ] 1− complex defect. In this case, there are five possible sites for binding the second hydrogen labeled by 1-5 in Fig. 2(d) . In Figs. 2(e)-2(i), we illustrate the local structure of [H 2 -V Al ] 1− complex defect when a second hydrogen binds at sites 1-5. The calculated energy differences among these five configurations are small (with site 1 being the lowest-energy configuration), especially for sites 1-4: the energy difference between sites 1 and 2 (or 3) is only ∼0.08 eV and that between sites 1 and 4 is ∼0.14 eV. This suggests that a second hydrogen could bind at sites 2-4 as well. The [H 2 -V Al ] 1− complex is a shallow acceptor without any defect transition level and the binding energy of such complex is quite high when the Fermi level is lower than ∼5 eV as illustrated in Fig. 3 . By using cNEB method, we found that a second hydrogen at site 2 or 3 or 4 could migrate to site 1 with the migration barrier of ∼0.44 eV (∼200 K). This means that at room temperature a second hydrogen can migrate, transforming the complex in other configurations to the lowest-energy configuration. To compare with the observed IR absorption peaks, we calculated the vibrational frequencies associated with [H 2 -V Al ] [1] complex defects for all five configurations depicted in Figs. 2(e)-2(i) . The calculated vibrational frequencies of the modes, in which H vibrates almost perpendicular to the c axis, are in good agreement with the observed IR absorption peaks of ∼3200−3300 cm −1 . Note that, as a calibrating case, the calculated vibration frequency of the stretch modes of a free H 2 O molecule are ∼80 cm −1 larger than the observed values as shown in Table I .
Finally, we tested to add another H to [H 2 -V Al ] 1− complex defect to form a [H 3 -V Al ] complex defect which is charge neutral. The binding energy of such complex is also shown in Fig. 3 and the calculated vibrational frequencies are listed in Table I . Note that we only show the lowest-energy configuration in this case. The calculated vibrational frequency of H, which vibrates almost perpendicular to the c axis of a crystal, is also close to the observed IR absorption peaks of ∼3200−3300 cm −1 . Based on our results, we propose that the vibrational modes of ∼3200−3300 cm −1 observed in experiments are from a complex defect between H and V Al defects, not from H i as previously believed [5, 8, 11] . Note that Choi et al. proposed that oxygen interstitial (O i ) is an important defect under O-rich growth condition [52] . One might speculate the formation of complex defects between O i and H. In Fig. 1 , we explored and found that such complexes, i.e., (OH) i and H 2 O, have high formation energies, making them unlikely to form. In addition, there might exist other impurities in α-Al 2 O 3 crystal, such as N, C, Ti, and Fe, which possibly contribute to the observed IR peaks at ∼3200−3300 cm −1 . We roughly investigated N O -H and C Al -H complex defects as reported in Ref. [12] and found that the orientations of N-H or C-H bonding in these complex defects are far away from the basal plane. This suggests that these complex defects do not contribute to those observed IR absorption peaks.
IV. CONCLUSION
Based on first-principles calculations, we identified the microscopic structure of H in α-Al 2 O 3 crystal by comparing with the experimentally observed IR modes at ∼3200−3300 cm −1 . The experimentally observed modes are previously assigned to H i 1+ in α-Al 2 O 3 . Here, we directly calculated H i 1+ in α-Al 2 O 3 and found two reasons contradicting the assignment: (1) the orientation of O-H bonding is not close to the basal plane and (2) the vibrational frequency is much lower than the observed value. Based on total-energy calculations, we found that H i could bind with V Al to form complex defects, which are highly stable. Both the orientation of O-H bonding and vibrational frequencies of these complex defects are consistent with the experimental results. Therefore, the majority of H trapped in a crystal should be in the form of these complex defects. We further suggest that increasing the amount of V Al defect in a crystal could enhance the efficiency of protection against H permeation through α-Al 2 O 3 .
